Circadian rhythms in physiology and behavior are regulated by a master clock resident in the suprachiasmatic nucleus (SCN) of the hypothalamus, and dysfunctions in the circadian system can lead to serious health effects. This paper reviews the organization of the SCN as the brain clock, how it regulates gonadal hormone secretion, and how androgens modulate aspects of circadian behavior known to be regulated by the SCN. We show that androgen receptors are restricted to a core SCN region that receives photic input as well as afferents from arousal systems in the brain. We suggest that androgens modulate circadian behavior directly via actions on the SCN and that both androgens and estrogens modulate circadian rhythms through an indirect route, by affecting overall activity and arousal levels. Thus, this system has multiple levels of regulation; the SCN regulates circadian rhythms in gonadal hormone secretion, and hormones feed back to influence SCN functions.
Body-Wide Impact of Circadian Clocks
Because of the vast array of physiological systems regulated by the SCN, rhythmicity affects many seemingly unrelated processes. Circadian rhythms occur in virtually all organs and tissues, although the specific genes expressing rhythmicity differ among tissues (11) . The immediate consequence is that experimenters must take time of day into account when performing studies on any tissue, and even on cell lines, because the circadian clock regulates key rate-limiting steps in cell physiology, as evidenced by gene-chip analyses (12). At a more personal level, we experience circadian effects of jet lag when we fly across multiple time zones and suffer consequences to health when required to work at night or perform shift work (13, 14) . There is also suggestive evidence that rhythm abnormalities are associated with various metabolic syndromes and impact cell cycle progression, with consequences for cancer treatment (15) . It is of interest to understand how a small hypothalamic nucleus can act so broadly.
Understanding the Brain Clock: From Black Box to Circuits
In early studies, the SCN was visualized as a "black box" with phase-setting inputs and efferents to local neural sites (16, 17) . Today, its cellular elements and neural circuits are better understood in rodents. The paired bilateral SCN are composed of 8,000-10,000 neurons in each hemisphere. The SCN tissue as a whole oscillates on a circadian basis as can be shown by rhythmic glucose metabolism (18) or gene expression studies (19) . In this view, coherent rhythmicity is seen at the level of the whole tissue and is an emergent property of all these individual oscillators working together in synchrony. Individual SCN cells have circadian rhythms in electrical activity, but the period and phase differ among cells (20, 21) . This finding is consistent with the possibility that all SCN neurons are oscillators (reviewed in Refs. 20 and 22) and that weak coupling among oscillators might account for coherent tissue response (23) . As discussed below, subsequent work indicates that rhythmicity of SCN oscillators is spatially and temporally organized and that coupling among neurons occurs, but this mechanism alone is not a sufficient explanation.
Heterogeneity of SCN Organization: Peptides and Clock Genes
In all mammalian species examined, the SCN is a heterogeneous structure, evident both in the intrinsic anatomy (16) and in the peptidergic and neurochemical content of SCN cells (24) (25) (26) (27) (28) (29) (30) . Broadly speaking, the SCN is organized into two anatomically distinct components, termed shell (or dorsomedial) and core (or ventrolateral), with distinct functional properties (26, 27, 29) . Peptidergic phenotypes of SCN cells have long been used to delineate these components. In most species, arginine vasopressin (AVP) cells populate the shell. The core is somewhat more variable among species and contains cells that are positive for vasoactive intestinal polypeptide (VIP) and gastrin-releasing peptide (GRP). In hamsters, a dense population of the calcium-binding protein calbindin-D28k (CalB) cells also defines the core, whereas in mice, CalB is scattered throughout the SCN (24, 31, 32) . In addition, cholecystokinin, somatostatin, and substance P neurons are present in several species (24, (32) (33) (34) (35) . Given species differences, and the absence of strictly delineated areas (characteristic of other hypothalamic nuclei), broad generalizations about core and shell SCN regions can be ambiguous (36) . The importance of spatial arrangements of the SCN neurons is nevertheless confirmed in the functional analyses.
We have characterized this SCN organization in both mice and hamsters (25, (37) (38) (39) (40) . The dorsomedial area, or shell SCN, is rhythmic on a circadian basis, measured by clock protein expression and electrical activity, and by current estimates, about 60% of SCN cells are rhythmic (41) . The ventrolateral area, or core, has very lowamplitude or non-detectable rhythmicity using measures of clock protein or clock gene expression. Importantly, these comments on peptidergic and functional phenotypes refer to regions and not to individual cells. Data on individual cells nevertheless fit well with the generalizations about core and shell regions; CalB cells in the core of hamster SCN are not detectably electrically rhythmic (42) .
Circuit Organization of the SCN
Early studies indicated that circadian rhythmicity was sustained as long as about 25% of any part of the nucleus survived ablation (43) . This work, however, was done before the use of immunochemical markers to delineate SCN regions and before our knowledge of the importance of the SCN's functional arrangements. Importantly and surprisingly, we now know that destruction of the core SCN region results in the loss of all measured circadian responses, including rhythmic melatonin and corticosterone secretion, body temperature, locomotor activity, and drinking (39, 44) . This suggests that the core region is essential for the production of a rhythmic output SCN signal. Also in the core are cells that are first responders to photic input from the retina (31, 45, 46) . This suggests that the core is an important site for input signals to the SCN. Such results beg the question of the relationship of core to shell with regard to SCN function and provoke a quest for the SCN circuits underlying entrainment and rhythmicity. How does information travel from the environment and from the body to reach the SCN? Within the SCN, how are incoming signals filtered and communicated to cellular oscillators, and how does information course from SCN neurons to target sites in the brain?
Spatial and Temporal Aspects of SCN Activation
Both under entrained and under free-running conditions, there is an order to cellular activation within the SCN. In its daily expression of rhythmicity, there is not a random but a systematic pattern of activation within the nucleus. In hamsters, the dorsomedial shell cells are the first to rhythmically express both Per1 and VP mRNA, with gene expression then spreading very slowly through the rest of the nucleus for the next 12 h before receding to baseline levels (47). Importantly, after a light pulse, mPer1 mRNA expression increases after 1 h in the core SCN and soon thereafter in the shell (48) . This shell increase of mPer1 occurs earlier in animals exposed to a light pulse than in animals housed in constant darkness but given no light exposure, yet it still follows the same spatial and temporal expression pattern. The same conclusion has been drawn in similar studies of rat (49) and in mouse SCN slices in vitro (50, 51) . The results suggest not only that the SCN is organized into light-responsive and rhythmic regions, but also that the rhythmic region of the SCN itself has an ordered arrangement in the activation of SCN oscillator cells.
Function of SCN Heterogeneity
Ever since the discovery of its complex neurochemical organization, the function of SCN heterogeneity has been a curiosity. If it is the case that the nucleus is made up of a uniform population of oscillators that produce a coherent rhythmic signal, what need is there for various cell types? On the other hand, anatomists will categorically state (and historical precedents confirm) that anatomical differences are associated with functional specializations. The problem and next question is: What are the functional specializations of the heterogeneous SCN neurons? And what is the significance of their spatial and temporal response properties? At first, it seemed possible that heterogeneity might be directly related to SCN outputs. For instance, cells containing AVP might control one suite of rhythmic responses, whereas VIP cells might regulate some other aspect of rhythmicity. However, the connections of the SCN that control the daily release pattern of a number of hormones show that neuroendocrine target neurons are controlled by different subgroups that do not necessarily correspond to phenotypic differences among SCN neurons (52) . Another hypothesis, that core and shell regions of the SCN send efferents to different brain target sites, was also not supported (53) . A view that does have some experimental support is that various SCN peptidergic phenotypes are important for achieving synchronization with the environment under various circumstances that the animal encounters in its lifetime. These include seasonal changes, alterations in food availability, and variation of endogenous hormones, among others. In this aspect, we believe gonadal hormones appear to be significant players, and this topic is the focus of the rest of this review.
Gonadal Hormones: Clock Controlled and Clock Controller
It is well established that the SCN controls the daily timing of gonadal hormone secretion (54, 55) . In males, one of the first reports of a diurnal pattern of testosterone secretion was published by Plant (56) in rhesus macaques, showing that there was a late-night peak in this gonadal hormone. This diurnal pattern is circadian in nature (57) . Interestingly, in humans, the diurnal pattern of gonadotropin (e.g. LH and FSH) secretion is most robust during the peripubertal period, with both factors increasing during the night. This pattern is reduced in adulthood, although there still remains a robust pulse profile throughout the day. However, daily rhythms in LH and FSH are detected in juvenile and adult male mice. Thus, daily rhythms in blood levels of testosterone may be regulated downstream of the effects of LH and FSH (reviewed in Ref. 58 ).
In females, the duration of the estrous cycle is determined by the circadian timing system (59-61). For example, the period of the circadian cycle determines the period of the estrous cycle in Syrian hamsters (62) . The induction of estrus occurs primarily through the precise timing of the LH surge on the early afternoon of proestrus, which may be mediated via direct SCN projections to GnRH neurons (63) or via a more indirect route through its projections to the anteroventral periventricular nucleus (64) , another important neural center in the regulation of GnRH (65) . Thus, the SCN controls the timing of rhythmicity in secretion of gonadal hormones through its action on neurosecretory cells.
Hormonal Influences on Timing
Daan (86) wrote in 1975, with prescience: "With the emergence of … new views concerning the mammalian circadian clock, the question of endocrine involvement … [is] … whether there is any feedback regulation from peripheral organs that might be involved in its homeostatic properties."
Although hormone effects on circadian rhythmicity have been studied for over 30 yr (reviewed in Refs. 55 and 66) , hormone effects on rhythmic responses have not been well integrated into the framework of SCN function(s). The past decade has seen tremendous interest in the ways in which hormones affect neural systems and behavior. The availability of new tools to investigate hormone actions directly on the brain clock or on circuits that are known to modulate circadian functioning have brought renewed interest to this topic. Although light is the most salient synchronizer of circadian rhythms, there are many other stimuli that can impact the circadian clock to cause phase resetting. These so-called non-photic effects include forced or voluntary wheel running (i.e. exercise), social cues, and metabolic cues (67-70). As will be discussed, such stimuli also impact peripheral hormone levels.
Ovarian Hormones and Circadian Behavior
The effects of ovarian hormones have been extensively studied. In female hamsters, estrogens modulate circadian locomotor rhythms by shortening the free-running period and advancing the phase angle of entrainment (62, 71) . Ovariectomy also reduces the amount of daily activity in rats, hamsters, and mice (62, (71) (72) (73) . Treatment with estradiol restores the activity levels to normal, with the medial pre-optic area implicated as a site of action (74) . Estradiol also modulates overall locomotor activity levels in males (72, 73) . Treatment with estradiol benzoate reduces the number of rhythm desynchronies in ovariectomized female hamsters housed in constant light, but no effect of either testosterone or estradiol benzoate is seen in males (75, 76) . The effects of activity on circadian rhythmicity are well known (77) , and it is likely that a component of the estrogenic effect on circadian timing is a result of indirect activity effects that can then modulate rhythmicity.
There are numerous sites of action of ovarian hormones on circadian timing, although the consensus is that most of these effects are not directly on the SCN. The SCN has a paucity of either estrogen receptor (ERα or ERβ) mRNA or protein (78) (79) (80) (81) . As a result, examination of the role of estrogens (and other gonadal hormones) in the circadian system have focused primarily on extra-SCN sites of action and on afferents to the SCN from ER-rich brain sites (e.g. preoptic area, corticomedial amygdala, bed nucleus of the stria terminalis, and arcuate nucleus) (82) . Moreover, estradiol modulates the light-induced FOS response of serotonergic neurons of the dorsal raphe nucleus, apparently affecting the SCN through a projection via the median raphe (83) . As such, estrogenic effects on circadian rhythms could be a result of indirect actions of estrogens on SCN afferents as well as through the effects of general activity on the circadian clock.
Testicular Hormones and Circadian Behavior
In male hamsters, either surgical or photoperiodic (short day-length induced testicular regression and decreased plasma testosterone) castration results in loss of cohesion of the daily running bout as well as loss of precision in onset of locomotor activity (84) . These responses are restored by testosterone replacement. Circadian phase angle of entrainment and activity levels are modulated by testosterone in male Octodon degus (85) , although no clear effects on period or precision were reported. In contrast to the rather subtle effects described in other species, the effects of castration and testosterone replacement are very robust in male mice (86) . Castration results in lengthened period and loss of the onset bout of activity, whereas testosterone replacement restores these responses (86) . Testosterone can be aromatized into estradiol and thus may have dual androgenic/estrogenic impacts on the system. We explored this possibility and found that both testosterone and the nonaromatizable metabolite dihydrotestosterone restored these measures (87) , suggesting an androgenic effect. This is significant because precision and period are thought to be determined by the brain clock itself (88, 89) , prompting a search for androgen receptor (AR) localization and mechanism of action.
Scattered AR immunoreactivity has been reported in the SCN of the ferret, baboon, rhesus, and human (90) (91) (92) (93) . Moreover, in humans, AR staining is sexually dimorphic within the SCN (93) . In the mouse, we found a highly localized concentration of AR-containing cells restricted to the core SCN (Fig. 1) , with few AR-positive cells in the shell. Investigation of AR distribution within the various peptidergic cell types shows that almost all SCN GRP cells and some VIP cells are positive for AR. Conversely, very few AVP cells in the shell contain the AR (87).
Go to: Go to: Fig. 1 Photomicrographs depict double-label immunocytochemistry for AVP (green) and AR (red) from the rostral to caudal SCN in a male mouse. AVP delineates the shell region of the SCN, whereas AR is largely restricted to the core region. Scale bar, 150 µ ... SCN AR expression is sexually dimorphic (Fig. 2) ; males have more AR-positive cells, and more than 2-fold the amount of AR protein, than females (116) . Nevertheless, AR in female SCN is restricted to core cells. Castration of males reduces SCN AR to levels observed in intact females, whereas treatment with testosterone restores it (87) . There are no differences in AR between estrus and diestrus, nor does ovariectomy affect SCN AR. However, treating ovariectomized females with testosterone propionate for 7 d augments SCN AR. After treatment with identical doses of testosterone propionate, males have higher AR expression than do females (116) , suggesting sexually dimorphic development of this system. This is consistent with findings of sex differences in SCN morphology in human (94, 95) and rat (96) (97) (98) and in some aspects of circadian timing as well as the sensitivity of the circadian system to gonadal hormones (99) (100) (101) . Sexually differentiated sleep patterns that appear at puberty and disappear in old age, presumably involving the circadian system, have also been reported (102) . Fig. 2 Average number of AR-positive cell nuclei within the SCN of male and female mice under various hormonal conditions. AR levels are high in intact mice, but reduced after castration (GDX). In contrast, AR levels are low in females and not affected by either ...
Development of ARs in SCN
Gonadal hormones play an important role throughout development in the sculpting of neural circuits (103, 104) . During postnatal development, AR expression in the SCN stays flat from d 7-14, rises at d 21, and reaches adult levels by d 28 (Fig. 3A) . Comparing males and females, AR expression is similar in the sexes from postnatal d 7-21, but from d 21 through adulthood, males have significantly higher levels of AR than females (unpublished data from our lab and Fig. 3B) . Compared with the sex difference in the medial preoptic area observed during development in the rat (which arises by postnatal d 14) (105), the sex difference in SCN AR becomes clear slightly later, by d 21. In mice, testosterone is almost undetectable at d 21 (Ref. 106 and data from our laboratory). That the SCN AR increase at d 21 antecedes the increase in plasma testosterone suggests a gonadal hormone-independent regulation of AR and that the sex difference observed in adulthood may occur during the pre-or perinatal period. 
What Is the Function of SCN AR?
The network properties of the SCN tissue suggest a function for AR cells in circadian timing. As discussed above, the core SCN can be considered a SCN input site. The ARs are localized to the core, and the retina, intergeniculate leaflet, and median raphe all project to the core region. Because the core is the first SCN compartment to respond to photic pulses from the environment, and core cells contain AR, it is interesting to think that androgens may alter SCN responses to light. We found that after castration, the male mouse SCN shows a blunted FOS expression in response to either an early-night (phase-delaying) or late-night (phaseadvancing) light pulse. Moreover, replacing animals with the nonaromatizable testosterone metabolite dihydrotestosterone for 7d restores the FOS response to normal at both time points (87) . This shows that androgens alter the responses of the SCN to external photic pulses. Thus, there is a complex interplay between signals from the external environment (namely, light) and changes in internal physiology (e.g. hormone levels) at the level of the SCN that can alter SCN function.
The Organization of the SCN: Universals and Specializations
A central theme in this review has been the anatomical and functional organization of the SCN and how this organization contributes to its functioning as a brain clock that regulates, and is in turn regulated by, gonadal hormones.
SCN universals
Some aspects of SCN organization appear to be universal, whereas others are specializations associated with species adaptations to their unique environments. First, in all species, SCN neurons are heterogeneous with respect to cellular morphology and peptidergic and neurotransmitter content. Second, the function of individual SCN cells is also heterogeneous, with some SCN cells being very robust self-sustained oscillators, whereas others are weak oscillators or not oscillators at all. Third, the SCN is organized into two regions, with a shell associated with oscillation and a core that receives afferent input. Both the shell and the core send outputs to local hypothalamic regions (53) , and some SCN cells communicate with either the parasympathetic or sympathetic nervous system or, in some cases, both (107, 108, 117) . Fourth, the phase of clock gene expression is similar in nocturnal and diurnal animals, indicating that common clock mechanisms underlie opposite daily activity profiles (109) . Fifth, rhythmic gene and protein expression within the different SCN regions are not uniform but are orderly, with some SCN regions expressing these genes earlier in the day than others (47). Finally, changing photoperiod can alter this orderly phasing of different SCN regions (110) (111) (112) , an example of the plasticity of the SCN network in response to changes in the external environment.
Species specializations: effects of androgens in rat, hamster, and mouse
As noted in the introductory section, there are species differences in the peptidergic content of the SCN core cells that receive photic and nonphotic input. This presumably reflects species differences in sensitivity to environmental and bodily input cues. It is possible that AR localization to the core aspect of the mouse SCN is a specialization. Castration of male rats or hamsters leads only to subtle changes in daily behavioral activity, with small changes to daily onset precision but no alteration of period (84) . Additionally, SCN AR are sparse in these species (113, 114) . Whether these reports actually reflect true species differences or whether they are merely a result of a lack of a detailed analysis of AR throughout the rostral-caudal extent of the SCN remains to be elucidated.
Conclusion: Hormones Act Directly and Indirectly on the SCN
This review has highlighted the two-way interactions between gonadal hormone and the circadian system. In Go to: Go to:
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Go to: Go to: broad strokes (Fig. 4) , the SCN sits on top of a hierarchical system, acting to orchestrate the timing of the endocrine system and reproductive responses. In turn, hormones have many effects on circadian behavior. These include amount of activity, activity duration, onset precision, and free-running period. Of these influences, some are on the SCN directly and others may act through extra-SCN sites. Free-running period and precision are determined directly by the SCN (88, 115) . We have shown that AR are present in the SCN, and these AR-bearing cells are obvious sites of action for direct effects on the SCN. In contrast, the effects of gonadal hormones on locomotor activity are likely due to extra-SCN sites of action. Activity itself can set the phase of SCN oscillators (reviewed in Ref. 70) , and this represents an indirect route whereby hormones can influence circadian rhythmicity. Thus, hormones can regulate circadian rhythmicity through direct and indirect routes, closing a neuroendocrine loop regulated by the SCN. 
